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MEASUREMENT OF THE EFFECTS OF FAST-NEUTRON RADIATION
ON LIQUID ORTHO- AND PARA-HYDROGEN
by James W. Blue and Theodore E. Fessler

Lewis Research Center

SUMMARY

A fast-neutron irradiation of both equilibrium and normal liquid hydrogen was per-
formed and analyzed for evidence of conversion., The data indicated that radiation-
induced ortho- to para-hydrogen conversion occurs in liquid normal hydrogen but is less
than 5><10—3 mole fraction for an integrated neutron flux of 5><1O13 neutrons per square
centimeter. A pronounced effect of irradiation was the destruction of superheat in the
liquid-hydrogen bath surrounding the test samples. This effect caused a decrease in the
temperature of the bath and thereby complicated the data analysis.

INTRODUCTION

The anticipated use of hydrogen as the propellant for nuclear rockets has prompted
several studies of the problems arising from neutron and gamma-ray irradiation of lig-
uid hydrogen. References 1 and 2, for example, consider the problem of how to calcu-
late the energy deposited in liquid hydrogen from a given radiation field. In these
studies, the observed radiation is assumed to appear as a heating load on the propellant;
that is, the chain of events (on the microscopic level) which ultimately results in the
appearance of thermal energy is considered unimportant to the final results. Itis
pointed out, however, that all the absorbed energy need not appear immediately as heat
but can be stored in various excited species of atoms and molecules for times appre-~
ciable even in the macroscopic view,

In the microscopic view, the primary interaction is that fast neutrons produce re-
coil protons and gamma-radiation produces Compton scattered electrons when incident
on a volume of liquid hydrogen. Reference 3 considers the possible reactions as these
charged particles pass through liquid hydrogen and concludes that the species H2+, Hz',



H, H+, and H will all be present. It furthermore concludes that a significant fraction of
the kinetic energy of the primary charged particles is temporarily stored during the pro-
duction of these species and suggests that the lifetime of some of these species may be
comparable to the propellant discharge time.

The present investigation was a search for the radiation-induced conversion of
ortho- to para-hydrogen. Such conversion could be caused by the generation of these
species of atoms and molecules. In the liquid state, the spontaneous conversion of hy-
drogen from the ortho form in which the proton spins are coalined to the para form in
which the spins are oppositely alined proceeds slowly by the reaction

0

9 +HO-—HO+Hp

H 2 2 2

This reaction results from interactions between the weak dipole moments of neighboring
ortho molecules and is not properly a chemical reaction. Chemical reactions of the type

o - p
H2 +X =X+ Hy
are conceivable, however, and, in fact, the reaction

H20 +HZH+ Hzp
has received considerable attention (ref. 4). It is pointed out in reference 3 that this
exchange reaction will not be important in liquid hydrogen even though radiation might
provide a copious source of H atoms, because the fraction of molecules having kinetic
energies greater than the activation energy for this reaction (0. 3 eV) is much too small
at 20° K. Whether or not one of the other species can enter info such an exchange reac-
tion remains to be determined.

APPARATUS AND METHOD OF MEASUREMENT
Vapor-Pressure Apparatus

The design of the apparatus used in this experiment was based upon the fact that the
vapor pressure of liquid hydrogen at a given temperature is a function of its ortho-para
composition. In particular, at the normal boiling point of para-hydrogen (20, 27° K),
normal liquid hydrogen (25 percent para, 75 percent ortho) displays a vapor pressure
26. 1 millimeters of mercury (mm Hg) below that of the para form. Through comparison
of the vapor pressures of two samples of liquid hydrogen held at the same temperature
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it is therefore possible to infer changes in their relative ortho-para compositions or
actually to determine the composition of one of them if the other is known. This method
does not require that hydrogen be removed from either sample in order to make a com-
position determination. It thus has two distinct advantages over the gas conductivity
method (ref. 4, p. 22): (1) An unlimited number of determinations may be made on one
liquid sample, and (2) changes in sample composition due to fractionation are avoided.
Figure 1 is a diagram of the apparatus used to contain the liquid-hydrogen samples
and to measure their vapor pressures. This system consists, simply, of a Dewar of lig-
uid para-hydrogen that serves as a low-temperature reservoir for the two small sample
bulbs immersed in it, This liquid-hydrogen Dewar is surrounded, except for the bottom
4 inches, by a liquid-nitrogen Dewar, which serves as a radiation shield. The bottom
section of the inner Dewar was left unshielded so that the beryllium target could be
brought up as close as possible to the sample bulbs. The sample bulbs were roughly
cylindrical in shape; each one was approximately 3. 5 centimeters long with a 1. 2-
centimeter inside diameter. The two sample bulbs were made of borosilicate glass (as
was all the rest of the sample-containing system) and were fused together to provide a
thermal connection between the bulbs and mechanical rigidity. The sample bulbs were
connected to the external plumbing by 3-millimeter-inside-diameter capillary tubing.
This external plumbing consisted of a three-leg manometer for measuring the vapor
pressures against the atmosphere, two mercury filled *'bubblers, '* which served as
safety valves in case of inadvertant boiling off

~ Gaseous-

hydrogen . .
samples which made possible evacuating the system

and subsequent charging with the sample

of the hydrogen samples, and stopcocks,

gases.
The sample bulbs were surrounded by
[T)zr‘;apcgrum two layers of fine mesh copper screen to
vent \To minimize possible temperature fluctuations
hiﬂlrj:)gen_/ ‘ézc;]’;m caused by heat leaking into the hydrogen bath
o through the unshielded portion of the inner
thl;l(;Jrlgéen Dewar. In addition, 0.006-centimeter-thick
'L):zid_'/ copper foil was used as a lining inside the un-
hydrogen shielded section and as a radiation baffle
Zn:yp:ﬁzm T); above the bulbs.
target —._ /-
‘/—Mercury .o e
“bubbler" Irradiation Facility
CD-789 The Lewis Research Center 60-inch cy-
Figure 1. - Liquid-hydrogen apparatus. clotron facility was used in this experiment to
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provide a high flux of fast neutrons (about 10 MeV energy) throughout the two sample
bulbs. The facility consists of a fixed-frequency 60-inch cyclotron located in a shielded
vault and an adjacent shielded room designated the "beam room, ** The hydrogen-
containing apparatus described in the preceding section was appropriately positioned in
the beam room so that, when desired, a beam of 21 MeV deuterons from the cyclotron
could be directed at a beryllium metal target located close to the outer wall of the un-
shielded section of the hydrogen Dewar. The reaction of deuterons on beryllium has been
observed (ref. 5) to produce fast neutrons and relatively little gamma radiation. The ad-
vantage is that fast neutrons deposit most of their energy in the liquid hydrogen, whereas
gamma radiation deposits a much larger fraction of the energy in the glass walls.

The number of deuterons striking the target per second was determined by placing
the beryllium target in a Faraday cup, which was connected to a current measuring elec-
trometer, A circular aperture of slightly smaller diameter (16 mm) than that of the
beryllium target was used to make certain that the measured beam current was due only
to deuterons incident on the beryllium metal. This aperture was made in graphite and
was located in the grounded section of the evacuated beam pipe. The Faraday cup was
insulated from the grounded pipe by a rubber vacuum seal. De-ionized water supplied
through long rubber hoses was used to remove the heat delivered by the deuteron beam
(as much as 160 W). Leakage currents through these water lines were negligible in com-
parison with the measured beam currents.

In order to measure the liquid-hydrogen vapor pressures during irradiation, a tele-
vision camera was set up to read the three-tube manometer remotely. The manometer
fluid used was a brand of dinonylphthalate, This diffusion pump o0il has a density of 0. 97
gram per cubic centimeter at room temperature; this together with a long focal length
lens on the television camera made possible accurate pressure measurements during

neutron irradiation.

EXPERIMENTAL PROCEDURE

Since the purpose of this experiment was to measure the amount of ortho to para
conversion due to neutron irradiation, minimizing spontaneous conversion was desir-
able. Among other contaminants, small amounts of oxygen in liquid hydrogen have long
been known to increase the spontaneous conversion rate severalfold {(cf. ref. 4, p. 79).
Since the spontaneous conversion rate for clean hydrogen in glass systems has been mea-
sured (ref. 6), borosilicate glass was used for the sample bulbs, and they were care-
fully evacuated before being cooled to liquid-hydrogen temperatures.
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Sample Bulb Filling

The first step in filling the sample bulbs was to fill the side arms of the measuring
manometer (fig. 1) with the same kind of hydrogen later to be condensed in the sample
bulbs. Filling was accomplished by evacuating all three arms to remove the bulk of the
absorbed gases and then filling the two side arms by use of the side-arm stopcocks.

When this operation was completed, the manometer stopcocks were closed and the sample
bulbs and mercury bubblers evacuated by a diffusion pump to a residual pressure of

10—5 mm Hg. This pumping was continued during the hour or so required to cool the sys-
tem to ligquid-nitrogen temperature. When the apparatus was ready for introduction of
the liquid hydrogen into the inner Dewar, the remaining stopcocks were closed to isolate
the sample bulbs.

The sample bulbs were filled by pumping on the liquid-hydrogen bath and maintaining
atmospheric pressure (limited by the mercury bubblers) in the sample bulb supply line.
Para-hydrogen gas was obtained by dipping a small-diameter stainless-steel tube beneath
the surface of liquid para-hydrogen in the supply Dewar. Normal hydrogen gas was ob-
tained directly from a commercial high-pressure bottle, Unfortunately, the sample bulbs
were not visible at the time of filling and therefore a procedure designed to fill the two
bulbs equally was devised. This procedure involved pumping on the liquid bath until a
depression in vapor pressure of approximately 180 mm Hg was achieved. This vapor
pressure was then maintained by additional pumping as needed while gas at 1 atmosphere
was delivered to the desired sample bulb. To obtain approximately equal volumes of liq-
uid in the two bulbs, the condensation time was fixed at 5 minutes for each bulb. The
bulbs were filled approximately half full by this method. The "*para'' bulb was filled
first. After the '"mormal®! bulb was filled, all stopcocks were closed for approximately
2 hours to allow time for the placement of the apparatus in the cyclotron facility beam
room and for the hydrogen bath to warm back to the point where its vapor pressure again

equalled local atmospheric pressure.

Pressure Measurements

By means of the television system, the three manometer tubes were measured to a
precision of about 0.03 inch of oil (0.05 mm Hg). This precision was possible because of
the long focal length television camera lens employed. Since the center leg of the manon-
eter was open to the atmosphere, barometric pressure observations were necessary to
obtain absolute vapor pressures from the side-leg readings. Barometric pressures were
obtained from a mercury column barometer read to the nearest 0. 01 inch and reduced to
0°c.



Neutron Irradiation

After the sample pressures were recorded for some 5% hours to establish the spon-
taneous conversion rate, the deuteron beam from the cyclotron was turned on briefly to
aid in tuning the accelerator.

At approximately 9 hours after the hydrogen samples were condensed, the deuteron
beam was again turned on. This time a beam current of approximately 7 microamperes
was achieved. Beam currents were read from a current integrating device and occasion-
ally recorded, as was the integrated charge. The irradiation proceeded without inter-
ruption for approximately 75 minutes.

The yield of fast neutrons from the interaction of 20 and 24 MeV deuterons incident
on a thick beryllium target is given in reference 5. From this information a neutron flux
in the sample is calculated to be about 2><109 neutrons per square centimeter per second
for the 7T-microampere current of 21 MeV deuterons. The resulting exposures were de-
termined to be 6. 8><1013 neutrons per square centimeter to the contents of the para sam-
ple bulb and 4. 4><1013 neutrons per square centimeter to the normal sample bulb, which
correspond to an integrated beam current of 3. 41><10_2 coulomb and distances of 5.2 and
6.7 centimeters, respectively, between the target and the para and the normal sample
bulb centers.

To obtain the energy dose corresponding to these fluxes, values of neutron cross
section from reference 7 and values of neutron flux from reference 5 were used in a first-
collision calculation. The effective average neutron energy was found to be 10 MeV. The
calculated energy deposited for unit integrated flux was thus 5. 8 MeV per mole per neu-
tron per square centimeter. From these values and a total irradiation time of 4. 7 1><103
seconds, the neutron induced heating rates are 3. 08><10_3 and 2. 00><10~3 calorie per mole
per second (cal/(mole)(sec)) in the para and normal samples, respectively.

RESULTS AND DISCUSSION

Figures 2(a) and (b) give the measured vapor pressures of the para and normal
liquid-hydrogen samples as a function of time after condensation of the normal sample.
For comparison, the change in vapor pressure that would be caused by a 0. 01°K temper-
ature change is shown. Also indicated in these figures are the times when the deuteron
beam was on., Figure 2(c) is a similar plot of the difference (para bulb minus normal
bulb) of the two vapor pressures.

Examination of the data of figure 2 confirmed an observation made at the time the
irradiation was performed, namely, that upon turning on the deuteron beam for the first
time (at 5.5 hr) a significant pressure décrease was observed and that thereafter the
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pressure readings became more stable, This stability was particularly evident during
the long irradiation beginning at 9 hours. From these results and observations, it is
concluded that (1) the hydrogen bath was superheated to an appreciable extent, (2) con-
vection currents of superheated fluid caused significant temperature fluctuations at the
sample bulbs (even though copper screens were employed), and (3) this superheat was
largely destroyed by bubble formation centers produced by the neutron irradiation and by
the radioactivities induced in the solid parts of the apparatus.

A second prominent feature of the data in figure 2(c) is that the observed pressure
differences do not agree with the expected pressure differences. The expected pressure
difference, indicated by the continuous curve in figure 2(c), decreases gradually because
of spontaneous conversion from an initial value of 26. 1 mm Hg. The observed differ-
ences between the data points and this curve have two possible explanations: (1) The hy-
drogen samples are not really of normal and/or equilibrium composition; or (2) the two
sample bulbs were not effectively at the same temperature, that is, the normal bulb was
slightly warmer than the para bulb,

Although a careful determination of the sample compositions was not performed at
the time of irradiation, subsequent to that time tests with a gas conductivity apparatus
have been performed. A comparison of the hydrogen from the high-pressure tank and
hydrogen from an analytic reagent grade tank indicates that the normal-hydrogen sample
was actually 75 percent ortho-hydrogen. Similarly, a sample of gas obtained in exactly
the same way as the para sample prior to irradiation was compared with gas that had
been completely converted to the equilibrium composition by means of an iron hydroxide
catalyst at 20° K (ref. 8). This test indicated an ortho content of only 0. 6 percent, which
compares favorably with the assumed equilibrium value of 0. 21 percent. Since the dif-
ference between the observed and the expected vapor-pressure differences of figure 2(c)
would require an error in composition of the order of 10 mole percent (see fig, 4, p. 13),
we conclude that composition errors are not to blame and that the second suggestion
(that the two sample bulbs were not at the same temperature) is the cause of these dif-
ferences.

The most likely way that the normal-hydrogen sample bulb could have maintained a
higher temperature than the para bulb is by internal heating due to spontaneous conver-
sion. With a value of 340 calories per mole as the heat of conversion of ortho-hydrogen
to para-hydrogen and an initial conversion rate of 0.0043 per hour (see appendix A), the
spontaneous conversion heating rate is calculated to be

(ﬂ@) =4, 03X10_4 cal/(mole)(sec)
dt =0

(All symbols are defined in appendix B.) Since each sample bulb held about 2 cubic centi-
meters (0. 07 mole) of liquid hydrogen, the total heating rate in the normal bulb amounts
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to only about 2. 8><10~5 calorie per second. At first glance it would seem that such asmall
heating rate could not account for the observed residual pressures. As is indicated in
figure 2(c), however, the observed discrepancy of about 3, 5 mm Hg is equivalent to a
temperature difference between the samples of only 0. 016° K. This temperature dif-
ference is of the order of that expected for the stated heating rate when the low conduc-
tivities of glass and liquid hydrogen (both about 3X10-4 cal/(cm)(OK)(sec)) are taken into
account. Therefore, the differences of figure 2(c) are due to an effective temperature
difference between the two sample bulbs, amounting to about 0. 016° K, which is caused
by the heat released in spontaneous conversion.

Since, during the time of the experiment, the composition of the normal hydrogen
sample changed because of spontaneous conversion by only about 5 percent, the spon-
taneous conversion rate remained nearly constant during this time (see eq. (A6) of ap-
pendix A). Therefore, the '‘residue'' between the observed and the expected vapor-
pressure differences of figure 2(c) is expected to remain nearly constant in time prior to
the irradiation. This residue was calculated after the pressure-difference data were
corrected for the fact that the samples were not quite at the normal boiling temperature
of para-hydrogen. (This correction, which amounted to only about 0. 1 mm Hg is dis-
cussed in appendix A.) The resulting residual pressure differences are plotted in fig-
ure 3.

Prior to the first short irradiations at about 5. 5 hours, the results in figure 3 re-
flect the temperature fluctuations discussed in relation to figures 2(a) and (b); the av-
erage value during this time was between 3. 5 and 4 mm Hg as expected from these con-
siderations. Between T and 9 hours, the data are much more stable and show only a
slight decrease up to the time when the irradiation at 9 hours began. During the 78 min-
utes of the irradiation, a ''pressure pulse'! is clearly seen. If the residual pressure dif-
ference is assumed proportional to the relative heating rates of the two sample bulbs, the
pressure pulse (a rise of approximately 1.4 mm Hg) can be equated to an excess heating
rate of 1. ex10~% cal /(mole)(sec) just as the residual pressure difference of 3. 5 mm Hg



was related to the spontaneous conversion heating rate of 4><10-4 cal /(mole)(sec).

The evidence that heating in the normal sample increases more than in the para sam-
ple during irradiation is surprising in view of the fact that the neutron flux in the para
bulb is half again as great as that in the normal bulb. Therefore, this heating must be
due in part to an exoergic reaction caused directly by the radiation or by some radiation-
produced species. Since the only source of energy for the reaction is the rotational
energy of the ortho-hydrogen molecule, the reaction must be conversion of ortho- to
para-hydrogen.

To obtain the actual heating rate due to radiation-induced conversion, the differen-
tial neutron heating must be included. Because the fraction of the energy absorbed from
the neutron radiation which appears as heat is unknown, two cases will be considered:
Case I in which no heating occurs, and Case II in which all the energy deposited by the
radiation appears as heat. The following table summarizes the calculations for these

cases:
[ Case I Case I
Differential radiation heating, cal/(mole)(sec) (0.0 210. 8><10_4
Apparent heating in pulse, cal/(mole)(sec) 1, ex10™4 1.6x107%
Induced conversion heating, cal/(mole)(sec) |1. 6x10"4 | 12.4x107%
Expected increase in residual pressure 0.1 0.78
L;difference after irradiation, mm Hg

45ee p. 6.

Examination of figure 3 shows that the increase in residual pressure after irradia-
tion was no more than 0. 25 mm Hg. Therefore less heating of the hydrogen occurred
than was assumed in Case II (see table). Although the pressure pulse is evidence that ra-
diation induced conversion has occurred, we must conclude that less than 5><10_3 frac-
tional change in ortho composition was produced by the integrated neutron flux of 5x10
neutrons per square centimeter,

A detailed examination of the data constituting figure 3 revealed that the pressure
pulse persisted at a constant value for 4 minutes after the deuteron beam was turned off
at 10, 3 hours. This persistence was followed by an exponential-like decrease to
3.5 mm Hg with a time constant of about 10 minutes. These times, when contrasted with
the 2-minute time constant one would expect from a consideration of the heat capacity of
liguid hydrogen, indicate that induced conversion in this experiment is produced by a
species which has a precurser with a lifetime of the order of minutes. The relatively
long times involved rule out the possibility that this precurser is a primary ion.
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From the rate at which energy is deposited by the incident neutrons, the primary ion
production rate was calculated by assuming 35 electron volts were required to produce
one ion pair. Then, together with the measured recombination coefficient of primary
ions in liquid hydrogen (ref. 9), the time for the ion density to decrease to half its value
upon termination of the irradiation could be obtained from this production rate. This
time was determined to be of the order of 1 millisecond, a time short enough to exclude
the possibility that the long-lived precurser was one of the primary ions (H2+ and elec-
trons).

CONCLUSIONS

From the experimental observations obtained in this investigation of the effects of
fast-neutron radiation on liquid ortho- and para-hydrogen, it is concluded that

1. Radiation-induced conversion of ortho- to para-hydrogen had occurred.

2. The conversion produced amounted to less than 5x10 ° fractional change in ortho-
hydrogen composition in normal hydrogen for an integrated flux of fast neutrons (10 MeV
average energy) of 5)(1013 neutrons per square centimeter.

3. Conversion was produced by an atomic or molecular species which appeared to
have a long-lived (of the order of 5 min) precurser.

4, This long-lived precurser is not one of the primary ionization products (H2+ or
electrons).

5. The irradiation caused a pronounced reduction in the superheat of the liquid-
hydrogen bath.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 16, 1964,
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APPENDIX A

TREATMENT OF EXPERIMENTAL VAPOR-PRESSURE DATA

The basic data used to determine the molar concentration X of ortho-hydrogen in a
liquid-hydrogen mixture are given in figure 18 of reference 10. In that figure, values of
the vapor-pressure difference between liquid and equilibrium mixtures of AP are given
as a function of equilibrium hydrogen pressure for five values of X. Table I lists se-
lected values from reference 10 obtained by careful reading of figure 18, The five values
of vapor-pressure difference at the normal boiling points of equilibrium hydrogen APO
in this table were used to construct the differential

daPy
O -

o+ X (A1)
where a@ and B are constants. A reasonable fit of the data was obtained for a = 17.4
and B = 46.4. Integration of equation (A1) with these values yields

AP(X)= 17.4X + 23. 2 (A2)

a graph of which is given in figure 4.
Further examination of the data in the

table revealed that in the neighborhood of

ABLE L. - VAPOR-PRESSURE DIFFERENCES . . .
T the normal boiling point, the data were fit
FOR LIQUID ORTHO- PARA-HYDROGEN reasonably well by the relation
MIXTURES (REF. 10)
3/4

— ap _[ P
Pressure of Mole fraction of ortho-hydrogen, X = =f— (A3)
equilibrium APO PE 0

mixture, 0.75 | 0.66 | 0.57 | 0.38 |0.19 s
P .
B’ Vapor-pressure difference, AP, mm Hg .
mm Hg ’ Figure 5 shows a log-log plot of values

800 97.15 | 22.35 | 18.20 | 10.50 | 4.35 read from reference 10. Lines with a

760 26.10 | 21.50 | 17.35 | 10.05 |4.15 slope of 3/4 have been drawn in. From

700 24.60 | 20.20 | 16,30 9.45 | 3.85 equations (AZ) and (AB)’ it is thus pos-

600 21.90 | 17.95 | 14.40 | 8.45 | 3.40 . .

: ’ ’ ) ible to measu of

500 19.20 |15.65 | 12.65 | 7.35 |2.95 sible easure the ‘conlcentratlon ’

400 16.00 | 13.35 | 10.65 | 6.10 |2.45 ortho-hydrogen in a liquid sample given

300 12.80 | 10.50 | 8,40 | 4.90 | 1.95 the vapor-pressure difference between

. . . .35 ‘s
200 9.35 | 7.65 ) 6.15 ) 3.55 11 that sample and a known composition sam-
100 5.35 | 4.35 | 3.60 | 2.00 | .75
ple at the same temperature.
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mixtures at normal boiling point of equilibrium hydrogen.

A measurement of the rate of change of vapor-pressure difference with time due to
spontaneous conversion of ortho- to para-hydrogen is given in reference 6 and is referred
to in reference 10. This measurement indicated that, for pure (oxygen-free) normal hy-
drogen, the rate of change of vapor-pressure difference immediately upon condensation is
-0. 23 mm Hg/hr at the normal boiling point of normal hydrogen. If this result is con-
verted to the rate of change of vapor-pressure difference at the normal boiling point of
equilibrium hydrogen by use of equation (A3)

d(AP)

= -0. 224 mm Hg/hr (A4)
at fy_o.75

Combining this result with equation (A1) and the given values for @ and B yields

(d_x> = -0. 0043 /hr (A5)
dt/x=0. 75

13



With the assumption that the equilibrium equation may be approximated by

<)
& =kx (A6)

k = 0. 0076 per hour per mole. This value does not agree with the equilibrium constant
given in reference 6 (and quoted elsewhere), because there it was assumed that liquid

mixtures of ortho- and para-hydrogen were ideal solutions, which is equivalent to assum-
ing B =0 in equation (A1). Solution of equation (A6) gives

- 1
- k(t + 7) (A7)

where 7= 175.4 hours for k = 0.0076 per hour as the time variation of the molar frac-
tional concentration of freshly condensed, pure normal hydrogen.

14




APPENDIX B

SYMBOLS

velocity constant for spontaneous conversion
p vapor pressure )
AP vapor-pressure difference between liquid mixture and equilibrium mixture
Q heat released in conversion of ortho- to para-hydrogen

t time

a constant in vapor-pressure-difference equation

B constant in vapor-pressure-difference equation
X mole fraction of ortho-hydrogen in mixture
Subscripts:

E equilibrium mixture

0 normal boiling point temperature (20. 27° K) of equilibrium hydrogen

Superscripts:
o ortho
P para

15
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